Atomistic computer simulations of protein adsorption on the heterogeneous surface of biomaterials and nanomaterials are reviewed. First, we present a very brief introduction to some relevant issues concerning force fields and the computational methodologies currently used, in particular molecular dynamics simulations for studying non-covalent interactions in general. the main results are then discussed, considering the adsorption of different protein subdomains and of whole proteins on different surfaces of an unlike nature. In particular, we review our results for lysozyme and some protein subdomains with a different secondary structure on a strongly hydrophobic graphite surface and on a highly hydrophilic polymeric surface, and preliminary results of protein adsorption on single-walled carbon nanotubes, focusing on the effect of the surface topography and curvature. We also discuss the results obtained in other groups for other proteins or protein subdomains being adsorbed on ceramic materials, either purely ionic (Mgo, hydroxyapatite) or covalent (Sio 2 , taken as a model for mica), and on self-assembled monolayers terminated with various chemical functionalities. the insights gained from these simulations are commented on critically, in particular the use of an implicit solvent or the use of explicit water and the lack of final equilibrium usually achieved in the latter case. Finally, we present some open issues for computer simulations of protein adsorption at an interface, and provide an outlook about possible future work in this area.
adopted to model other non-covalent interactions, such as molecular recognition phenomena (8) that are relevant in enantiomeric drug separations and as nanosized drug vectors, for example. Theoretical modeling of these phenomena can now be carried out with molecular simulations due to increasingly sophisticated algorithms and programs, but mainly due to increasingly larger computer power in terms of speed and data storage.
Molecular simulations together with analytical theory have been widely used to study the behavior of polymeric systems, focusing in particular on their large-scale properties through coarse-grained models to calculate the molecular size and the transport and rheological properties. However, these models cannot fully account for the protein structure or for molecular recognition phenomena, where the atomistic details are most relevant. In recent years, we have shown that atomistic computer simulations can be usefully employed to model biomaterials and their surface properties, in particular protein adsorption (9, 10) . This approach can provide significant new insights into the performance of biomaterials and nanomaterials in a physiological environment, giving atomistic information about protein denaturation and surface spreading or possibly ordering. In particular, atomistic simulations can account for the protein secondary structure (α-helices or
IntroductIon
The performance of biomedical devices ultimately relies on their behavior at the molecular scale, and it is affected by their surface interactions in the physiological medium of interest. A central issue for the in vivo performance of biomaterials is their surface behavior in terms of protein adsorption and then cell adhesion (1, 2) . Another important issue affecting this performance is the surface nanopatterning, which proteins can spontaneously form on graphite-like surfaces (3, 4) . Similar events can take also place on a graphene sheet (a two-dimensional, or 2D, material with potential applications in nanotechnologies) and on their rolled-up analogues, the 1D single-walled carbon nanotubes (SWNT), and the 0D fullerenes (5) . Because of their peculiar mechanical and electrical properties, these nanomaterials are at the forefront of current research, for instance in nanomedicine or as biosensors (6, 7) . The interaction of bio-and nano-materials with proteins is therefore extremely important both for their performance and the possible biohazards, and the atomicscale modeling of protein adsorption on their surface may shed light on many issues concerning their performance. From a more basic viewpoint, a similar approach can be mains with different secondary structures and hydropathy and lysozyme were studied on the surfaces of biomaterials with unlike wettability, so that the surface-induced conformational rearrangements and the nanostructure of the adsorbates could be analyzed, together with the energetics of the process. Moreover, since protein adsorption and spreading is also affected by the surface topology (its nanoscale roughness and curvature), modeling protein adsorption on graphene or on SWNT and fullerenes (10) can help to sort out this effect at a fixed surface chemistry (sp 2 carbon atoms, in this case). In this way, general trends and specific issues of the surface adsorption of proteins have begun to emerge. More recently, analogous simulations carried out in other groups have also addressed the issue of adsorption of proteins in water at a solid interface (36) (37) (38) (39) (40) , mostly in the initial adsorption stage. The main aspects of these studies shall be described in this review, while other simulations adopting similar methods to address related, but distinct issues of proteins at an interface (41) (42) (43) (44) (45) will be mentioned only briefly.
Force Fields and the MM-Md Methods

Force fields
Force field based molecular simulations can be broadly classified in terms of their use of atomistic or coarsegrained models. Such models respectively correspond to describe explicitly all the atoms of the system, or to adopt a simplified description as often done for synthetic polymers (46) . In the latter case, groups of monomers are lumped in connected beads (where masses and forces are concentrated) to study large-scale properties. Accordingly, these models are not suited to model proteins realistically, and therefore, they are ignored in the following.
Mathematically, the molecular model is fully described through the force field V(R), giving the potential energy of the system as a function of its position R in the configurational phase space, R being a super-vector comprising the atomic vector positions. A force field accounts for the intra-and inter-molecular potential energy contributions, in particular the purely intramolecular terms due to the bonded atoms, and the intra-and inter-molecular nonbonded interactions among the atoms.
The intramolecular term due to the bonded atoms fully accounts for the local stereochemistry, and is written as a sum of terms (47) (48) (49) (50) (51) that account for bond stretching and angle bending, and for the torsional potentials of individual bonds, possibly also including non-linear coupling terms to enhance the force field accuracy (52) . The mathematical expressions and in particular the numerical parameters are specific to each force field, but they are selected to best reproduce some selected properties of a training set of compounds. Classical force fields cannot β-sheets), and for the surface of different materials with an unlike wettability. Moreover, the behavior of nanostructured materials such as graphene, SWNT and fullerenes can also be studied. Our interest in these materials was also spurred on by the possibility of modeling the effects of topology on protein adsorption, in particular of the surface curvature and of a controlled surface roughness. Within the same context, we also followed this approach to predict molecular recognition in host-guest inclusion complexes that can carry a lipophilic drug in a polar environment (8, 11) .
In a physiological environment, the first event taking place at a biomaterial surface after the initial hydration, but before cell adhesion, involves protein adsorption (1, 12, 13) . This process is not amenable to analytical theory or coarse-grained simulations due to the importance of the atomistic details of the secondary and tertiary structure of proteins, and of the large-scale rearrangements that they can undergo upon adsorption (12) (13) (14) (15) (16) (17) . This phenomenon can be very important for controlling the material's biocompatibility (12) : while "soft" proteins such as albumin undergo extensive surface rearrangements, "hard" proteins such as lysozyme are more resistant to major changes, at least on hydrophilic surfaces. Additionally, the surface ordering of proteins on graphite (3) may lead to refolding to a new secondary structure (18, 19) , or yield a spontaneous nanopatterning (4) that can be used as a template for inducing further supra-molecular ordering.
Early theoretical approaches to study protein adsorption on foreign surfaces were based on semi-macroscopic colloidal models, which proved quite satisfactory for rigid proteins on a charged surface (20) . Proteins can be viewed as copolymers formed by a specific sequence of the natural aminoacids, and their simplest theoretical description is in terms of amphiphilic copolymers in a selective solvent (21) (22) (23) (24) . This approach has provided some clues about protein folding and the kinetics of surface absorption (18, 19, (25) (26) (27) , but neglected all atomistic features, including the full protein structure. Currently, such features and the detailed pattern of the outer electrostatic potential cannot be any longer ignored.
To overcome these limitations, we recently started a research program aimed at modeling protein adsorption on the surface of bio-and nano-materials through forcefield based atomistic simulations. The chosen methodology involves energy minimization (molecular mechanics, or MM) and molecular dynamics (MD) simulations at a given temperature. This procedure allows for the possible surface spreading considering both an implicit solvent through an effective dielectric medium and explicit water. Such an approach can in principle provide a thorough picture of the physisorption process at the nanometer scale. Therefore, the surface hydration of biomaterials can first be investigated (10, 28, 29) , and then protein adsorption can be modeled using a common methodology with a general simulation protocol (3, 9, (30) (31) (32) (33) (34) (35) . Protein subdo-MM and MD methods are based on quite different ideas, but they are usually implemented in the same package of programs.
MM methods are based on the full energy minimization of the system, corresponding to minimize the potential-energy function V(R), with respect to all the atomic coordinates. The numerical minimization is carried out with standard mathematical procedures, but the very large number of independent variables poses some technical limitations. From the physico-mathematical viewpoint, however, the main problem consists of the presence of many different local energy minima that may be kinetically relevant, as in the glassy state, suggesting the possible presence of a statistical distribution of (metastable) arrangements, and there is no general algorithm to find the most stable one. A simple procedure consists of trying many different starting points, for instance different molecular conformations or unlike arrangements, and searching for the lowest energy minimum. Another procedure consists of the "simulated annealing" by "heating" the system through an energy input so that it can surmount the free energy barriers separating the local minima. This energy input can also be achieved through the kinetic energy via MD simulations.
On the other hand, the MD method follows the dynamical evolution of the system at a given temperature using Newton's classical equation of motion F = m⋅a, where F is the force acting on a given atom, given by the gradient of V(R), m is the atomic mass and a the acceleration. Temperature is defined through the average kinetic energy, according to equilibrium statistical mechanics, with instantaneous fluctuations around the average value. Since there can be a change of potential to kinetic energy during the simulations for systems far from equilibrium (for instance with an external field), the average temperature must be controlled to avoid unwanted drifts through a suitable thermal bath coupled to the simulated system (56, 57) .
A technical problem consists of the simulation medium, namely the use of implicit or explicit solvent, usually water for biomaterials. An explicit solvent requires modeling a huge number of water molecules, often on the order of 10 3 -10 4 , within a large simulation cell with periodic boundary conditions. Furthermore, it leads to a great increase in the characteristic times to achieve equilibrium due to the effective medium viscosity. Therefore, an implicit solvent through the use of a dielectric constant, or even better of a distance-dependent dielectric constant, allows the study of much lengthier processes both for the smaller size of the system and for its much faster relaxation, permitting the modeling of larger-scale rearrangements. However, changes in the solvation energy and in the entropy of the interfacial molecules are not explicitly accounted for. Two arguments can justify this approximation, based on the comparison between simulations in explicit water and with implicit solvent. In the case of the surface adsorption of proteins, hydration studies showed account for chemical reactions, where quantum methods are required, but allow modeling tens of thousands of atoms in a reasonable computer time.
The non-bonded term includes the electrostatic term for the integer or partial atomic charges to account approximately for the local dipoles with a reasonable accuracy. It is also possible to include the dielectric constant of the environment within the electrostatic potential for simulations with implicit solvent. This approximation is very advantageous, because it avoids the burden of modeling thousands of solvent molecules, while its validity can be tested through selected runs with explicit solvent. Further non-bonded terms include the repulsive covolume interactions of the interacting particles, and the attractive dispersive interactions. The latter interactions are usually much weaker than the electrostatic ones on a per atom basis, but since they are always additive their overall contribution may become very large. Unfortunately, this potential is not accurately known for unlike atoms, and therefore, it is approximated through appropriate means of the potential between identical atoms.
The latter approximation may potentially have important consequences, in particular when modeling physisorption on a hydrophobic surface, or the interactions between apolar moieties. Therefore, in principle, adsorption of small molecules driven by dispersive interactions might not be accurately described, and the calculated interaction energy could be approximate (53) . Therefore, only comparisons between related molecules may be meaningful, in particular when specific interactions are present, for instance due to electronic effects such as the π-π* interactions not encompassed in classical force fields. On the other hand, we have recently shown (8) that molecular recognition in host-guest complexes can be predicted very accurately by current force fields through the use of an appropriate simulation methodology, providing results fully validated in detail by NMR experiments in solution and X-ray analysis in the solid state. It should be added that with macromolecules such as proteins the situation is quite different, since specific interactions of individual aminoacids are statistically less important, while cooperative effects are most relevant. Therefore, polar residues may interact with a hydrophobic surface because of the favorable interactions of neighboring hydrophobic moieties, even though the situation may be more complicated with hydrophilic surfaces because of the potential competition among intra-and inter-molecular interactions.
The simulation methodology: MM and MD methods
Once a force field is chosen, the properties of a system can be investigated by different simulation techniques. Here, we briefly summarize some features of the current methodologies using MM and MD: a full treatment of these methods can be found in recent books (46, 54, 55) .
Computer simulations of protein adsorption on biomaterial surfaces for possible conformational changes due to specific interactions with water (hydrogen bonds) (9) .
In the following, we summarize our main results obtained on surfaces with an unlike wettability. For consistency, all results were obtained with the InsightII/Discover package of programs (59) using the CVFF force field (47) . The chosen surfaces were hydrophobic graphite (highlyoriented pyrolytic graphite, or HOPG) and a hydrophilic glassy polymer, poly(vinyl alcohol), or PVA. An atomistic model of crystalline graphite was obtained from the known structure, whereas preparing an atomistic model of an amorphous PVA surface was quite complicated, requiring a lengthy optimization of the bulk polymer through MM and MD runs, and then of its surface (28) . More details can be found in the original paper, together with a description of the hydration of the bare surface. As for the proteins, we first considered three subdomains of common globular proteins, human serum albumin and fibronectin, comprising of about 60 to 90 aminoacids (30, 31) , and then a whole protein, lysozyme, formed by 130 aminoacids (34) . The selected albumin and fibronectin subdomains contain, respectively, only α-helices or β-sheets, whereas lysozyme shows both structural motifs, therefore, potentially also providing information about the relative stability of the secondary structure upon adsorption.
According to the simulation protocol, the protein subdomains were first placed close to the surfaces in many different orientations, and direct geometry optimization yielded the initial adsorption stage. The interaction energy was found to linearly depend on the number of aminoacids that are in contact with the surface for each orientation, in keeping with the additive nature of the dispersive and/or dipolar interactions. On a given surface, we also found the same quantitative dependence in all cases, within the statistical uncertainty, irrespective of the hydropathy pattern and of the secondary structure of the proteins, consistent with the presence of the same 20 natural aminoacids, even though in unlike numbers and distributions. In this stage, the average interaction energy per residue in contact with the surface was found to amount to 57 ± 2 kJ/mol on hydrophobic graphite and to 15 ± 2 kJ/mole on hydrophilic PVA (the ± sign encompasses both the standard error of the individual fits and the range of values), where the interaction energy is defined as the energy required to desorb the protein and to bring it back to its native state (hence its positive value). Therefore, this initial stage already indicates that adsorption is intrinsically stronger on the hydrophobic surface on a per aminoacid basis. We note that the apparently large energy values per aminoacid are however consistent with the usual estimates of the interatomic dispersion energy: in fact, they are of the same order as the values experimentally found for adenine on graphite in water (60) , and are similar to the values calculated with different force fields for albumin subdomains on a silicate surface (39) or for single amino-that in favorable cases the change in solvation energy may amount to about only 10% (33) . A stronger argument arises from analogous simulations of molecular recognition phenomena involving host-guest complexes of amphiphilic molecules (8) . In this case, the non-covalent complex did show various possible inclusion geometries after the MD runs, involving both major and minor (local) conformational differences. Interestingly, however, the relative stability of the complexes was exactly the same in explicit water and with implicit solvent, although with unlike energy differences, while in either case the most favorable arrangement fully matched the experimental results. This result shows that the implicit solvent can produce correct results, even though some possible quantitative inaccuracy may occur. In any event, care must be taken to consider possible alternative arrangements, in particular for noncovalent interactions and to check the length of the MD runs to avoid possible artifacts.
As for their use, we simply note here that MM methods can be used for conformational analysis of small molecules, either isolated or interacting with a surface or with another molecule if entropic effects are not dominant, but they can also be used to calculate the mechanical properties of materials, in particular glassy polymers (58) . Conversely, MD methods are typically used to investigate the time evolution of a system or the intramolecular equilibrium dynamics, or else to explore the configurational phase space and generate independent conformations of the system for statistical analysis at a given temperature, or for energy minimizations in search of the most stable state.
Protein adsorPtion on bio-and nano-Materials surFaces
The equilibrium adsorption state on biomaterials in implicit solvent
The general simulation protocol proposed in our group to study protein adsorption on a biomaterial surface (9, 10, 30, 31) consists of the following steps: i) energy minimizations with implicit solvent of the protein close to the surface in many trial orientations mimicking the random approach from solution. This step corresponds to the initial adsorption stage, but it can also yield a (possibly metastable) final adsorption state on small bare patches of a largely covered surface. ii) MD runs at room temperature of selected geometries with implicit solvent until an equilibrium state is achieved, followed by final energy minimizations. This stage eventually produces the final, most stable adsorption geometry on a bare surface under thermodynamic control (9) , leading to the largest molecular spreading and possibly to an ordered arrangement on a flat crystalline surface (3) . Further MD runs are also carried out for selected geometries in the presence of explicit water to analyze the system hydration and to check hydrophobic moiety of 10 ± 3 Å and a protein volume fraction of 0.85 (66, 67) indicating a large molecular flattening on the surface. In our case, a simple lower-limit estimate of molecular thickness (34) yielded a value of 7.12 Å, in fair agreement with the observed value. The agreement would be even better considering the possible presence of the metastable, kinetically trapped arrangements, producing a thickness value of 12.59 Å, with an overall average of 9.9 Å. In conclusion, concerning the single protein adsorption on hydrophobic graphite these comparisons indicate that our simulation results are fully consistent with the experimental data.
As anticipated, an unexpected but important result of our MD simulations was that the adsorbed monolayer of aminoacids on graphite shows a long-range ordering with a parallel arrangement of topologically distant strands. Optimization of these interactions also turned out to be kinetically lengthier than those with the surface (9), in qualitative agreement with previous coarse-grained simulations (18) . The ordered arrangement driven by crystalline graphite optimizes both the interaction energy between the adsorbate and the surface, and the interaction energy among the strands, mediated by the side groups through ionic, dipolar and dispersive interactions. Interestingly, this surface ordering was recently observed through atomic force microscopy as a long-ranged patterning on graphite (4).
We also found through similar MD simulations that molecular spreading is almost absent on the hydrophilic PVA surface showing a minor roughness (on the order of a few Ångstrom). On this surface, the protein subdomains preserve their globular shape, together with part of the secondary structure (mainly, though not exclusively, β-sheets) (33), and the interaction energy per aminoacid in contact with the surface eventually amounted to 38 kJ/ mol, after local readjustments on the surface which also underwent some local rearrangements after adsorption. In this final stage, the subdomains showed little changes in their sizes with respect to the initial adsorption geometry or the native one. In other words, on hydrophilic PVA the adsorbate shape is dictated by the intramolecular interactions rather than the intermolecular ones, and only a fraction of residues is actually in contact with the surface, leading to a total interaction energy much smaller than on graphite. Therefore, the simulations suggest a minor and possibly reversible adsorption on hydrophilic PVA.
We investigated the hydration of the adsorbed proteins by shorter additional MD runs with explicit water. After adsorption, hydration is obviously absent at the protein side in contact with the surface, but the large spreading of the adsorbate on graphite exposes the inner strands to water, which may form additional hydrogen bonds with water. Accordingly, the number of hydrogen bonds formed by the adsorbed protein with water shows a small decrease, and the overall hydration is still large. Some decrease in hydration is also observed on PVA because of the residues that are in contact with the surface, while the acid on a nanotube carbon surface in water (61), or with quantum methods in vacuo for single aminoacids on a carbon nanotube (62) .
On graphite, our results also show that local deformations are present for the adsorbed subdomains in comparison with the native geometry, while in lysozyme the deformations, mainly involving β-sheets, can also take place far from the surface, driven by small large-scale rearrangements. Therefore, it is apparent that the relative stability of the secondary structure does not mainly depend on its nature and the number of residues it comprises, but rather on its environment, ie the surrounding protein strands and the solution. Conversely, on hydrophilic PVA we found that the subdomains mostly preserve their secondary structure and their globular shape with weaker interaction strength than on graphite (33) .
Interestingly, on all surfaces the strain energy of the deformed subdomains in the initial adsorption stage also turned out to increase linearly with the number of aminoacids that are in contact with the surfaces, but more slowly than the interaction energy. Therefore, much larger molecular deformations are possible to maximize the surface interactions. Indeed, MD runs of selected geometries at room temperature allowed the adsorbed proteins to explore better the configurational space and to optimize the surface interactions. The optimization of these interactions on bare graphite was obtained in the MD runs by a very large molecular spreading producing a monolayer of aminoacids. In this way, the number of aminoacids in contact with the surface hugely increased (up to about 97% for the albumin subdomains, 73% for the fibronectin modules and 83% for lysozyme), leading to a very strong adsorption energy and yielding a basically irreversible adsorption. Of course, the spreading would be strongly hindered at a large surface coverage, when adsorption is limited to small, isolated patches of the surface, or to a second protein layer. In this case, adsorption could be reversible with protein exchange from the solution, as observed for human serum albumin on hydrophobic self-assembled monolayers (SAM) (63) .
As for the molecular size of the adsorbed proteins on graphite, a significant comparison can be carried out with experimental results for lysozyme on hydrophobic surfaces. Our results (34) indicate a very small final value for the component of the radius of gyration perpendicular to the surface, with a sharp increase of the parallel components due to the large molecular spreading. The experimental results nicely agree with this picture: in fact, hen egg white lysozyme shows an irreversible adsorption on hydrophobic SAM or on fluorinated membranes (17, (64) (65) (66) , and a pronounced surface spreading, with an increase in the molecular footprint on an alkyl-terminated SAM to an asymptotic value of about 13.5 nm 2 (17) . This figure can be compared with a calculated lower-limit value of 9.9 nm 2 obtained through the parallel components of the gyration radius. As for the molecular thickness, neutron reflectometry data could be fitted by a uniform layer model having a thickness between 11 and 15 ± 3 Å, or even better by a double layer with a thickness of the Computer simulations of protein adsorption on biomaterial surfaces of the surface can be studied in the same way. We can conclude that in addition to showing the potentialities offered by this approach, general and specific issues of the surface adsorption of proteins on biomaterials and nanomaterials have already begun to emerge. As a word of caution against possible generalizations, we note that a recent paper (39) reported MD simulations of the adsorption of the same albumin subdomain considered by us on a silicate surface of chrysotile, Mg 3 Si 2 O 5 (OH) 4 , in implicit solvent. On this polar, hydrophilic surface the albumin subdomains were found to interact better through their polar sides, but eventually to show a very large spreading to almost a single monolayer of aminoacids. Such behavior is allowed largely by the surface rigidity which does not allow for local rearrangements such as on PVA, but mainly to the "soft" nature of albumin, which strongly interacts with significant spreading on all surfaces, irrespective of their nature or net charge (12) .
Adsorption on biomaterial surfaces in explicit water
Recently, other groups reported additional results obtained with MD methods for protein adsorption at interfaces in explicit water. Different surfaces were modeled, involving both ceramic materials such as MgO, SiO 2 (taken as a model for mica) or hydroxyapatite, and SAMs with unlike surface chemistry to display different wettability.
The first relevant paper dealt with the interaction between bovine pancreatic trypsin inhibitor (BPTI, a small protein with 57 aminoacids) with a charged MgO surface (36) . In this case, three different possible orientations were considered for the protein close to the ionic surface, and the interaction was considered to be of electrostatic nature only. A large number of water molecules was taken into account, but with a vacuum boundary of the system. In this case, for each initial orientation the simulation strategy involved a hybrid procedure, with a local energy minimization every 8 ps of the MD run, lasting for a total of 240 ps only. Clearly, as also reported in the paper, full equilibration was not achieved and the only relevant changes consisted of small rigidbody translations or partial rotations. It should be pointed out that some puzzling results were obtained, as explicitly noted in ref (36) , since, for example, the arrangement with the most favorable interaction energy seemed to have more hydrophobic than charged aminoacids close to the charged surface. This feature was partly attributed to the fact that adsorption appeared to be mediated by a thin water layer only two molecules thick. However, even though the latter result appears to be consistent with classical electrochemistry, the very short length of the MD runs and the lack of full equilibration clearly indicate that the results are not conclusive for the long-term adsorption geometry and energetics.
A polar surface was also used to model lysozyme adsorption on mica (40) . This surface was effectively modeled as a SiO 2 surface, where the large partial charges on the Si and O atoms yield a slightly negative surface char-exposed sides are well solvated, due also to some loss of the secondary structure. It was estimated (33) that the overall change in solvation energy upon adsorption amounts to about 10%, so that neglect of hydration in the MD runs does not appear to be highly relevant from the energetic viewpoint, although obviously affecting the kinetics of the process.
We further investigated the surface modifications of graphite through the sequential adsorption of two protein subdomains of the same or of an unlike nature (35) . The first adsorbed protein subdomain on graphite was fully spread, as mentioned before, and we modeled the ensuing arrival of another protein subdomain on top of it. In this way, we could show that the first protein hydrophilically modifies the graphite surface, and therefore, the second one preserves its native size and globular shape together with most of its secondary structure. This behavior is the same as that obtained on hydrophilic PVA, and the interaction energy turns also out to be quite similar. Accordingly, these results show that the second protein layer undergoes a weak, and basically reversible, adsorption over the first one, so that in practice we expect to see the formation of a single layer only. This result, consistent with the previous one concerning the adsorption on hydrophilic PVA, also agrees with the typically observed pattern of protein adsorption in a monolayer. In conclusion, these results show that the first protein layer effectively alters the surface hydropathy and largely controls the behavior of the surface modified through simple physisorption. This finding opens the way to the possibility of studying within a unified methodology the surface modifications induced by chemisorption or physisorption that may allow controlling and possibly fine-tuning the surface response to further adsorption through the use of synthetic or natural macromolecules with appropriate amphiphilicity.
Let us summarize our main results concerning the surface adsorption of proteins. Protein adsorption on hydrophobic graphite is very strong, and basically irreversible even under a large shear stress applied, for instance, by a flowing liquid also due to the pronounced spreading which leads to a very small cross section for the shear stresses. Such a conclusion agrees well with the observed behavior (see for instance ref (68)), leading, for example, to the use of albumin as a passivating agent (69, 70) . Moreover, the adsorbed proteins display an extensive nanoscale ordering, in keeping with what is experimentally observed (4) . Conversely, adsorption on hydrophilic PVA is reversible, being much weaker, and with a minor surface spreading. Such a result is in fair agreement with the observed behavior, since, for example, thin-film PVA coatings are used on polystyrene substrates for protein chromatography to avoid protein adsorption (71) , and it is also indirectly supported by comparison of the simulation results regarding the sequential adsorption of proteins with the observed behavior, where a monolayer of protein is usually observed. Surface modifications and changes in the hydrophilic/hydrophobic character raction of a second protein molecule over the first one in order to calculate the interaction energy of the latter as a function of distance (72) . The adopted silicon surface was however described as consisting of planes of atoms, much like graphite, with three-coordinated Si atoms, therefore, possibly showing dangling bonds, instead of a diamondlike structure with tetrahedrically coordinated atoms. The adsorption of the first protein on this surface was modeled in water by following in detail our simulation strategy. After the initial geometry optimization, no further approach to the surface in water was then observed over a 10 ns time span, but only a 2D random walk with rotation of the whole molecule. Once more, the simulation length in explicit water does not appear to be large enough to achieve an equilibrium state with a possible spreading over the hydrophobic surface. The interaction energy was then obtained by approaching a second molecule in different orientations at a given distance from the first one, and calculating the corresponding interaction energy, but very few details were provided for the latter simulations.
Other work concerning the behavior of proteins at interfaces has appeared in the literature in the last few years, but the simulations had different goals: the main purpose, in fact, was not to study the possible surface spreading, but rather to calculate the interaction force by fixing the protein center of mass at selected distances from the surface (43) . In other cases, the behavior of a small protein, Barley Lipid Transfer Protein, at liquid interfaces (such as air-water or decane-water) was modeled by lengthy MD runs (41, 42) . As expected, this "adsorption" behavior did not lead to large intramolecular rearrangements, but rather to a different partitioning of residues in the modeled phases of the solvents in terms of their dominant hydrophilicity or hydrophobicity while the largest part of the protein remained in water. Finally, we also mention an early study on a model protein-membrane system, where cytochrome c covalently tethered to a methyl-or thiol-terminated SAMs was studied with MD simulation (44, 45) . The system was first studied in vacuo, and then with a small number of water molecules (100 and 500), while the length of the runs never exceeded 1.5 ns, suggesting once more the lack of full equilibration and surface spreading. Furthermore, the constraint of cytochrome c covalently bound to the surface hindered possible major rotations and intramolecular rearrangements that could enhance the interaction strength.
As a final remark to this section, we note that the MD simulations of proteins at a solid interface in explicit water discussed before provide useful information about the initial adsorption stage of different proteins on surfaces of an unlike nature and polarity. However, we point out that these simulations could not achieve the final equilibrium state, as it can be judged in most cases by perusal of the original paper. The basic reason is that in water the time to equilibration is in general inaccessible to current computers, because it does increase by many orders of magni-ge density equal to the observed charge density of mica. However, the surface was described as a single flat plane of Si and O atoms, which is quite puzzling in view of the tetrahedral coordination of silicon in SiO 2 . Furthermore, any lower (charged) plane was neglected, so that in conclusion the surface was most likely oversimplified. Nevertheless, and even though the final adsorption stage was probably not achieved, the MD runs in solution with two different ionic strengths indicated that the electrostatic interactions were the main factor leading to adsorption, and that interaction with the inner edge of two orthogonal Si-O planes led to partial lysozyme unfolding with significant loss of the tertiary and secondary structure.
A further paper dealt with the adsorption in water of a γ-chain fragment of fibrinogen (involved in the blood coagulation cascade), comprising 259 residues, over five SAM surfaces variously terminated to achieve different surface chemistries with unlike wettability (37) . Sodium and chloride ions were also included in the solution to mimic the salt content in the blood plasma. The SAM termination included neutral hydrophobic or hydrophilic groups, or amino and carboxylic acid groups (with a small fraction of ionized moieties), and finally a dimeric ethylene glycol moiety. The simulation strategy involved an energy minimization of the protein fragment near the surfaces, placed so as to maximize arbitrarily the contact with the surface, followed by MD runs of 5 ns for each SAM. In this case, the rearrangement involved translational and rotational motions of the protein fragment, which effectively behaved as a rigid body with little intramolecular changes within the explored time span. In addition in this case, an equilibrium state was not achieved: the lack of relaxation to equilibrium is also borne out in the quoted paper (37) by the distances between the protein center of mass and the surface that do not settle to a constant value, but rather show a smooth change. In spite of these remarks, the analysis of the interaction sites of the protein over the different SAMs provided important clues to the adsorption phenomenon with a technical tour de force for the size and complexity of the simulated systems.
Further work dealt with the adsorption of a fibronectin module on hydroxyapatite (38) . In this case, the authors adopted a simulation strategy relatively similar to that proposed by us, but the MD runs were carried out in explicit water for only 1 ns. In this way, they achieved only a pseudo-equilibrium state corresponding to the initial adsorption geometry with no major rearrangements, but only local displacements near the surface. After that, a steered MD simulation was carried out assuming a pulling force acting on all the protein atoms to model a corresponding AFM experiment, and the resulting interaction energy and force required to achieve a given velocity perpendicular to the surface was monitored with time.
We should mention another study that modeled the adsorption of lysozyme on a silicon surface and the inte-tubes, with diameters of between 4 and 7 nm (actually, the accessible inner cavity is slightly smaller due to the atomic size of the carbon atoms). In addition in this case, we found a linear correlation between the initial interaction energy for each orientation on the surface and the number of aminoacids in contact with it for the nanotubes and the graphene sheet. The average interaction energy per residue in contact with the surface amounts to 54.4 ± 0.5 kJ/mol, a value that is slightly smaller than the previously mentioned value of 57 ± 2 kJ/mol for the protein subdomains on graphite. Although the difference is within the statistical error, the difference is consistent with the presence in bulk graphite of a small, but non-negligible contribution of the dispersive interactions of the carbon plane below the uppermost one. On the other hand, the strain energy of the adsorbed subdomain in the initial adsorption stage on the nanosized carbon allotropes amounts to 11.3 ± 0.6 kJ/mol (per residue in contact with the surface), ie the same as for graphite (32) . Accordingly, we conclude that the shallow surface curvature does not noticeably affect protein adsorption in the initial adsorption stage compared to the graphene sheet, but yields a slightly weaker adsorption than on graphite due to the lack of lower carbon planes.
The final, most stable geometry is achieved through the MD runs at room temperature, and again, almost all the residues are eventually found to be in contact with the surface, forming a monolayer of aminoacids, as already found for graphite, with a parallel ordering of distant strands due to the favorable interactions among their side groups. The interaction energy strongly increases because of the large surface coverage, but most interestingly in the most stable geometry the interaction energy per residue in contact with the surface ranges from more than 60 kJ/mol to about 56 kJ/mol for the concave surface with an increasing radius of curvature, or equivalently with an increasing diameter within the considered range of diameters (from 4 to 7 nm), while it achieves a value only slightly larger than 53 kJ/mol on flat graphene. These values should be compared with the value of 57 kJ/mol found for the same albumin subdomain and for lysozyme on graphite, where the interactions with the carbon atoms of the lower plane(s) slightly enhance the interaction energy. Therefore, we conclude that a concave surface with a relatively small curvature radius enhances the interaction strength compared to a flat surface as a purely topological effect by up to 7 kJ/mol at least. Such an effect is therefore largest with small nanotubes, which might boost this effect, even though they would eventually pose stringent constraints to protein insertion for both steric and entropic reasons.
concluding reMarks and outlook to Future work Atomistic force field based computer simulations are being increasingly used to model protein adsorption on tude compared to the simulations in vacuo or with implicit solvent. In turn, this lengthening of the process is due to the very large characteristic times imposed by the explicit water because of its "viscosity" (the random collisions with the solvent molecules), and to the huge computational cost imposed by the size of the whole system. In fact, explicitly accounting for the solvent requires adding a very large number of water molecules, hence studying the dynamics of a number of atoms (often on the order of 10 4 ) much larger than those of the protein of interest (see also section "The simulation methodology: MM and MD methods").
Protein adsorption on nanomaterial surfaces
Let us now briefly mention our preliminary results regarding protein adsorption on SWNT and fullerenes, which allow the study of the effect of topology in terms of the local surface curvature at the same surface chemistry as flat graphite (sp 2 carbon atoms only). The simulation strategy closely followed the protocol described at the beginning of this section, above: an initial energy minimization of the previously mentioned albumin and fibronectin subdomains with an unlike secondary structure close to the surface (30, 31) followed by long MD runs in implicit solvent and final optimizations.
Considering the outer surface of SWNTs in comparison with flat graphite, our preliminary results suggest that protein adsorption becomes increasingly weaker with an increasing surface curvature (10) , so that the strongest adsorption is achieved on graphite. Such a result qualitatively agrees with experimental data obtained on silica nanoparticles having diameters in the range 6-15 nm (73) . Moreover, the interaction energy of the protein subdomains on SWNT was calculated to be large enough to permit the detachment of SWNTs from an amorphous random aggregate and to bring them in solution. This feature is due to the protein interaction with the nanomaterial mainly through the hydrophobic residues, while the polar ones are exposed to solvent. Such a theoretical result agrees nicely with the experimental observation of this effect (74) , and it should be explicitly taken into account when using these nanomaterials in a biological environment.
Further work involves protein adsorption on the concave inner surface of larger SWNTs and on a graphene sheet, which can be viewed as a SWNT with an infinite diameter. This possibility may suggest a way to functionalize nanotubes further with a sufficiently large opening by inclusion of oligopeptides, a process favored by the strong interaction energy with the surface, in spite of the configurational entropy loss of the confined strands. This process also provides a simple model to study topological effects on protein adsorption on a concave surface. Such simulations, carried out with the same methodology, can further clarify the main molecular aspects of the protein/ nanomaterials interaction relevant to nanoscale devices in a physiological environment. For this purpose, in addition to a graphene sheet we selected uncapped armchair nano-can release their load. A simulation protocol analogous to that discussed above concerning the protein-surface interactions has been successfully applied to model the formation of a host-guest complex in explicit water and with implicit solvent. In both cases, the results have been shown to be in excellent quantitative agreement with the experimental results in solution (8) , showing the accuracy of the theoretical prediction that can be achieved with the present force fields when using an appropriate simulation strategy.
In conclusion, we believe that atomistic computer simulations can provide much important information about non-covalent interactions including, in particular, protein physisorption on a biomaterial surface. At present, the main limitation in studying these large systems in a fully realistic environment essentially resides in the computer hardware, both in terms of the processing speed and in terms of the storage required to handle huge amounts of data.
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heterogeneous surfaces or at interfaces. The results already obtained show that this is a promising new theoretical tool for understanding such important phenomena. Most simulations used globular proteins (or protein subdomains) on flat surfaces or on SAMs, apart from a single work which considered the surface of an amorphous glassy polymer, as mentioned above. A more systematic study of the behavior of different proteins, including other globular proteins, but also fibrous and membrane proteins would be interesting. In our opinion, it is however more important to carry out a systematic study of the effect of surface chemistry considering other important biomaterials such as metal or metal oxide surfaces. Moreover, it would be of great interest to investigate the influence of the surface topology systematically, also accounting for chemical or structural defects. Such a research program obviously includes a thorough study of nanostructured surfaces, in particular of nanoparticles or nanopatterned surfaces with characteristic length scales of the order of 1-10 nm, the size of most proteins.
Another challenging issue from the viewpoint of atomistic computer simulations involves modeling protein adsorption on heterogeneous surfaces at different ionic strengths of the solution, in particular as a function of pH. In fact, such conditions lead to a different charge pattern at the protein envelope due to a different protonation of the outer residues, and to a different charge distribution on certain surfaces. The latter issue is relevant for example on amine-or carboxyl-terminated SAMs, but also on inorganic SiO 2 glasses due to the presence of ionizable silanol groups in strongly basic solution, and on titanium surfaces passivated with TiO 2 because of the presence of Ti-OH groups. It can be expected that this on-going theoretical study of the performance of biomaterials in a physiological environment will provide increasing insights regarding the bio/ non-bio interactions and the performance of biomaterials.
A further theoretical issue is related to the description of the non-bonded dispersive interactions in particular for non-polar surfaces. Such interactions are accounted for in current force fields through simple potentials such as the Lennard-Jones potential, with parameters that are approximately estimated as mentioned before. This approximation should be overcome to some extent in more accurate force fields to describe non-covalent interactions better, in particular when the detailed adsorption geometry of small molecules is required. On the other hand, it should be remembered that the dispersive interactions are among the driving factors for the formation of hostguest complexes, and molecular recognition phenomena, which are described well by current force fields. As an example we cite the complexes formed by cyclodextrins, cyclic oligosaccharides with a non-polar cavity and outer hydrophilic groups. Accordingly, these molecules can be loaded with lipophilic drugs and then be used as vectors in a polar environment to an appropriate site where they
